Seroresponses occurred significantly more often after 3 doses than after a single dose of either vaccine. Immunoglobulin A responses were observed in 80 and 79%o of the infants after 3 doses of high-or low-titer vaccine, respectively. Most of the infants tested developed a neutralization response to RRV after 3 doses of the high-(90%) or low-(88%) titer vaccine. Neutralization response rates to human rotavirus serotypes 1 to 4 after 3 doses were similar in both vaccine groups and ranged from 33 to 53%. Overall, 93 of 97 infants receiving the low-titer vaccine and 87 of 90 receiving the high-titer vaccine developed seroresponses, as detected by any of the assays employed. The study indicates that 3 doses of quadrivalent vaccine at a titer of 106 PFU of each component offered no advantage over the lower-titer preparation for use in efficacy trials.
4-week intervals starting at the second month of age; 102 infants received a placebo. Postvaccination reactions were monitored by home visits every other day during the week postvaccination. The vaccine was associated with the occurrence of mild, short-lived febrile episodes in 26 and 23% of the recipients after the first doses of high-or low-titer vaccine, respectively, in comparison with 13% of the infants receiving the placebo. Febrile reactions occurred less frequently in vaccinees after the second or third dose than after the initial dose. The vaccine was not significantly associated with diarrhea or any additional symptom or sign. Serum specimens obtained shortly before the first, 4 weeks after the first, and 4 weeks after the third dose of vaccine or placebo were tested by an immunoglobulin A enzyme-linked immunosorbent assay and by neutralization assays.
Seroresponses occurred significantly more often after 3 doses than after a single dose of either vaccine. Immunoglobulin A responses were observed in 80 and 79%o of the infants after 3 doses of high-or low-titer vaccine, respectively. Most of the infants tested developed a neutralization response to RRV after 3 doses of the high-(90%) or low-(88%) titer vaccine. Neutralization response rates to human rotavirus serotypes 1 to 4 after 3 doses were similar in both vaccine groups and ranged from 33 to 53%. Overall, 93 of 97 infants receiving the low-titer vaccine and 87 of 90 receiving the high-titer vaccine developed seroresponses, as detected by any of the assays employed. The study indicates that 3 doses of quadrivalent vaccine at a titer of 106 PFU of each component offered no advantage over the lower-titer preparation for use in efficacy trials.
Various approaches for development of a rotavirus vaccine have been suggested (2, 6) . The most extensively evaluated strategy is based on the Jennerian approach of employing an animal rotavirus strain that was attenuated for humans and was capable of inducing immunity. Two bovine rotaviruses, the RIT 4237 and WC3 strains, have been shown to be attenuated in humans (4, 22) . Several trials of these strains showed evidence of efficacy in some studies but not in others (1, 4, 5, 22) . One of the factors responsible for this inconsistent efficacy is the serotypic difference between RIT 4237 or WC3 (which are serotype 6) and circulating human rotaviruses (the majority of which are serotypes 1 to 4). Another vaccine candidate, the serotype 3 rhesus rotavirus (RRV) vaccine MMU-18006, induced protection against rotavirus diarrhea in a study in Venezuela in which rotavirus VP7 serotype 3 strains predominated (9) , but it failed to elicit heterologous efficacy against other serotypes in two of three studies in the United States (3, 15, 20) . Because of the unpredictable distribution of rotavirus serotypes, an effective rotavirus vaccine should provide protection against diarrhea caused by each of the four epidemiologically important serotypes. Thus, four strains composed of the RRV and single-gene-substitution reassortants with VP7 1, 2, or 4 specificity were combined in a single quadrivalent vaccine * Corresponding author. (16, 17) . Before embarking on efficacy trials of the quadrivalent vaccine candidate, we performed several phase I trials to test its reactogenicity and antigenicity (8, 18, 19) . These studies have shown that in general, increasing the vaccine titer or the number of doses led to a higher take rate. The present study was undertaken to maximize the immunogenicity of the vaccine by administering 3 doses of the highest titer available at this time (4 x A physical examination was carried out at the time of each vaccine or placebo administration; "vaccination" was delayed when diarrhea, fever, or any symptoms or signs of illness other than upper respiratory complaints were present. Each child was visited at home by a physician every other day during the week following each of the three study vaccinations. The mothers recorded information related to the children's health every day and also maintained a daily record of the number and consistency of their children's stools during the week following each "vaccination." Rectal temperatures were also taken every morning and evening by the mothers during this period. The mothers were instructed to call or come to Hospital Matemo Infantil de Caricuao in the event of any illness during the week after vaccination and at any time that their children developed diarrhea during the study.
Cumulative postvaccination follow-up data were periodically evaluated by a Clinical Monitoring Committee formed by two physicians and one statistician not participating directly in the study. The committee was also promptly informed of any unusual reactions or any hospitalizations during the week postvaccination. The committee had the authority to disclose the vaccination code for any child with severe symptoms and/or to stop the study if warranted.
Serology. Three serum samples (2 to 3 ml) were obtained by venous puncture of an antecubital vein at (i) the time of the first vaccination, (ii) 4 weeks after the first vaccine dose (i.e., at the time the children were brought for the second study vaccine dose), and (iii) 4 weeks after the third dose ( Table 1 ). The sera were analyzed by an immunoglobulin A (IgA) enzyme-linked immunosorbent assay (ELISA) as described by Losonsky et al. (14) and by plaque reduction neutralization assays (13) . RRV strain MMU 18006 (G3) was used as the antigen in the IgA ELISA. RRV and the human rotavirus strains Wa, DS1, P and ST3, belonging to serotypes Gl, G2, G3, and G4, respectively, were employed in plaque reduction neutralization assays (24) . In every serological assay carried out, the three serum specimens obtained from the same child were tested simultaneously.
Rotavirus detection. Stools collected from diarrheal episodes occurring during the study were tested for rotavirus by confirmatory ELISA as previously described (13) ; rotaviruspositive specimens were subgrouped and serotyped by conventional methods (21, 23) . In addition to being tested for rotavirus detection, the stool specimens were tested by (5) 1 (1) Diarrhea and fever (.38.10C)
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RESULTS
Vaccine reactogenicity. Table 2 summarizes the clinical findings observed during the week following the first, second, and third doses of vaccine or placebo. The frequencies of fever were similar in the two vaccine groups (high and low titer). Fever (38.1'C or higher) occurred significantly more often in infants receiving the first dose of the higher-titer vaccine preparation tested than in the placebo recipients and also tended to occur more often in those receiving the lower-titer vaccine than in those in the placebo group (P = 0.08, the Fisher exact test, two tails). Among high-titervaccine recipients, the frequency of fever after the first dose was significantly greater than that observed after the second or third dose (P < 0.05 for first dose versus second or third dose). In the low-titer-vaccine recipients, the frequency of fever tended to be lower after the second dose and was significantly lower after the third dose (P < 0.05, the Fisher exact test, two tails) than that after the first dose. Following the second and third doses, the frequency of fever in vaccinees was similar to that in placebo recipients.
Most of the febrile episodes observed were transient, lasting 1 day in 21 of the 26 high-first-dose vaccine recipients who developed fever, 17 of the 23 low-first-dose vaccine recipients, and 11 of the 13 first-dose placebo recipients with fever. Fever lasted 2 days in four infants receiving high-titer vaccine, five receiving low-titer vaccine, and two placebo recipients. The number of infants with febrile episodes with temperatures of more than 38.5'C was similar in the three study groups following each of the 3 doses (Table 2) . Likewise, the average maximum temperatures observed were similar in the three groups after the first (38.5'C), second (38.6 to 38.8°C), or third (38.7 to 39'C) dose.
Diarrhea was defined as three or more liquid or semiliquid stools in 24 h. The frequencies of diarrhea after the first or third dose were comparable among the three groups (high titer, low titer, and placebo). However, diarrhea occurred significantly more often in the placebo group after the second dose (10 episodes) than in the group of infants receiving the higher-dose vaccine (P = 0.03, the Fisher exact test, two tails) and tended to be more frequent also in the placebo group than in infants receiving the low-titer vaccine (four infants) after the second dose.
Nine of the 302 infants studied required hospitalization during the approximately 1-week period following any of the vaccinations (Table 3 ). The three most severe cases, requiring hospitalization for 6 to 10 days, were associated with gastroenteritis and an admission diagnosis of probable meningitis which was ruled out later (child 606), pneumonia (child 185), and campylobacter gastroenteritis (child 536). Of the eight children admitted with diarrhea, two had received placebo, one had received low-titer vaccine, and five had received high-titer vaccine; rotavirus was detected by direct testing of the stool by ELISA for three of them (child 113, who received placebo, and children 451 and 436, who received high-titer vaccine). In two of the three cases, the rotavirus strains detected were subgroup 2, serotype Gl, which circulated in the Caricuao area during the time of this study; the third rotavirus could not be subgrouped or typed. Nine diarrheal specimens from child 606 tested negative for rotavirus by direct ELISA of the stools; however, subgroup 1 rotavirus with an electropherotype similar to that of RRV was recovered after passage in tissue culture from two of the nine specimens. A stool specimen was not available from child 12, who was in the hospital for 6 h.
Clinical reports from this study were submitted at various times to the Clinical Monitoring Committee. At three meetings held by this committee in which partial follow-up data were examined, reasons to discontinue the study or reveal the vaccine code either for a particular child or for the entire group were not found.
Serological studies. The results of the serological studies are summarized in Table 4 . IgA responses after the first vaccine dose were detected in 51% of the infants receiving low-titer and 50% of those receiving high-titer vaccine. Administration of the second and third doses resulted in an overall IgA seroresponse rate of 80% after low-titer or 79% after high-titer vaccine. Take rates after 3 doses of either vaccine were significantly greater than those after 1 dose.
Neutralization seroresponses to RRV were observed in 57 and 67% of the children after the first low-and first high-titer vaccine doses, respectively. After 3 doses, 88 and 90% of the infants in the low-and high-titer groups, respectively, had developed a neutralization response to RRV. These rates VOL. 31, 1993 on November 6, 2017 by guest http://jcm.asm.org/ Downloaded from c Initial clinical impression of meningitis at admission was later changed. Laboratory analysis of cerebrospinal fluid was normal. Rotavirus was detected in two of nine diarrheal stools from this infant tested only after amplification in tissue culture (MA 104 cell roller tubes).
were significantly greater than those detected after 1 dose for both vaccine groups (Table 4) .
Neutralization responses to human rotavirus serotypes 1 to 4 were detected in only 7 to 20 and 3 to 19% of the infants after 1 dose of low-or high-titer vaccine, respectively; however, a significant increase in the response to each of the four serotypes was seen in both groups after 3 doses of vaccine ( (11) . Therefore, there is a clear and urgent need to develop a rotavirus vaccine to prevent such morbidity and mortality. The Jennerian vaccination strategy was suggested when it was found that certain antigens are shared by human and animal rotavirus strains (12) . One of these, the RRV strain MMU 18006, a serotype 3 rotavirus, failed to induce heterotypic antibodies against human rotaviruses belonging to other serotypes (14) . Thus, current vaccine strategies are aimed at developing vaccine candidates that consistently induce antibodies to each of the four epidemiologically important serotypes (1) . The ability of rotaviruses to reassort during coinfection has made it possible to construct human X RRV reassortants with the VP7 neutralization specificity of human rotavirus serotype 1, 2, or 4 (20, 21).
We have conducted several studies of the RRV-based quadrivalent vaccine to evaluate its antigenicity and reactogenicity in Venezuelan infants before initiating field trials of efficacy. With these studies, we aimed at a vaccine formulation able to induce an arbitrary take rate of at least 50% against each of the four serotypes. In the first study, we tested vaccine doses of 0.25, 0.5, and 104 PFU of each of the four vaccine components (19) . Although these doses were safe, their antigenicity was low, especially for serotypes 2 and 4, and therefore in a later trial the dose of these two serotypes was increased to 5 x 104 PFU, a regimen which also failed to achieve the desired results (8) . In a subsequent study, 2 doses of quadrivalent vaccine were administered 1 month apart, a schedule which did not achieve our goal of 50% takes but indicated clearly that 2 doses of vaccine was more effective than 1 dose in inducing seroresponses (18) . In further studies, a 2-dose schedule of 105 PFU of each component yielded seroresponses that achieved the goal of 50% for serotypes 1 and 3 and approached this goal for serotypes 2 and 4 (18) .
In view of the increased antigenicity of the higher titer of vaccine and the additive effect of 2 doses, we designed the present study to test the maximal dose of vaccine available at this time, 106 PFU of each component, and compared it with 105 PFU, the highest dose in each component of a quadrivalent vaccine previously tested. In addition, the number of doses was increased to 3. Three doses of vaccine resulted in a significantly greater number of takes than 1 dose, as determined by IgA ELISA and neutralization assays. A recruitment effect was seen with both the high-and the low-titer vaccines. For instance, after 1 dose of low-titer vaccine, an IgA response was detected in 48 of 97 infants; 37 of the 49 infants (76%) who did not respond to the first dose developed an IgA seroresponse after the second or third dose (i.e., between sera obtained 4 weeks after the first and 4 weeks after the third doses). In 12 infants receiving the low-titer vaccine and 18 infants receiving the high-titer vaccine, IgA responses were detected after the first dose and again after the second and third doses (a booster effect A relatively high background of rotavirus infection occurred in the 3-month interval between the first and third serum samplings: 23 of 90 placebo recipients tested developed an IgA response. Many of these infections were silent, and therefore it is possible that some of the seroresponses observed in vaccinees were also due to natural infections.
The safety of the quadrivalent vaccine in this and in previous trials has been closely evaluated by home follow-up visits during the week after vaccine or placebo administration. In general, the quadrivalent vaccine has been associated with self-limited, low-grade febrile episodes in up to about one-third of children and is considered to be acceptably reactogenic but safe for oral administration to infants less than 6 months of age. In the present study, a febrile reaction occurred significantly more often after the first dose of the high-titer vaccine (26% of children in that group developed fever) than in the placebo group (13% of these infants developed fever). The lower-titer vaccine tended to cause excess febrile reactions (23%) compared with the placebo. No febrile reactions were associated with the second or third dose of vaccine. Diarrheal episodes were observed during the week postvaccination at the same frequency in the three groups of children after the first dose; most of them were mild, lasted 1 to 2 days, and consisted of three to four liquid or semiliquid stools per day.
Diarrhea requiring hospitalization occurred in eight infants during any of the approximately 1-week postvaccination periods. It is unlikely that the quadrivalent vaccine was the cause of diarrhea because (i) two of the cases occurred in the placebo group, (ii) two of the six cases among vaccines were not associated with rotavirus, and (iii) one case in a vaccinee was associated with a subgroup 2, serotype 1 wild-type strain (the four vaccine components are subgroup 1). For one patient (child 606), vaccine virus was detected by stool culture but not by direct ELISA in two of nine stool specimens tested (wild-type rotaviruses are easily detected VOL. 31, 1993 on November 6, 2017 by guest http://jcm.asm.org/ Downloaded from in the diarrheal stools of infected infants with diarrhea); however, the possibility that the vaccine was the cause of diarrhea in this infant cannot be completely excluded. Data to explain the origin of the diarrhea in the two other cases which occurred with the higher vaccine titer tested are not available. The significance of diarrhea in these cases is uncertain; proper caution toward such cases should be continuously exerted in future trials.
In a previous study in Sweden, 105-PFU dose of RRV vaccine resulted in fever in 79% and diarrhea in 42% of the children tested (10). This has not been observed in any of the studies carried out with this vaccine in Venezuela. A major difference that can explain this discrepant observation is the age at the time of vaccination. The infants studied in Venezuela were 8 to 10 weeks old, whereas those in Sweden were 4 to 12 months old. It is likely that maternal antibody (acquired transplacentally or from breast milk) plays a role in modulating reactions to the vaccine. Most infants in this study possessed high preexisting titers of neutralizing antibody against human rotavirus serotypes 1, 3, and 4 and against RRV. Although this trial was not aimed at determining vaccine efficacy, the continuous contact of the field team with the participating families over the 8-month study period resulted in the detection of 21 rotavirus episodes in the study group. Most of the cases occurred at a time during the study when the incidence of rotavirus in the Caricuao area increased, judging by hospital admissions of infants and children not participating in the study. Vaccine codes were not revealed at any time to the field team, and therefore a preliminary analysis of vaccine efficacy was possible. Twelve of the 21 rotavirus diarrheal episodes detected occurred in the placebo group, 4 occurred in the group of children receiving the low vaccine titer, and 5 occurred in the group receiving the high titer, for efficacy rates of 68 and 58%, respectively (P = 0.04 and 0.08, the Fisher exact test, two tails).
Thus, from this study it appears that 3 doses of the 105-PFU titer quadrivalent vaccine should be the schedule of choice in vaccine studies.
